Identification of intermediate chemical species in a combustion flame is an important step for obtaining energy with high e$ciency from combustion, reducing the toxic emissions released by combustion, and understanding reaction mechanisms in flames. We have developed a unique system based on ion attachment mass spectrometry (IAMS) to identify such intermediates. In this system, the chemical species generated in flames under atmospheric pressure are directly introduced through a sampling cone of a newly developed interface into the ionization chamber (ca. 2 Pa). Then, the species are ionized by Li ῌ ion attachment and introduced into a quadrupole mass spectrometer operating at ca. 1ῌ10 ῍3 Pa. Intermediate species in flames were successfully detected. Notably, the production of highly toxic environmental pollutants, such as formaldehyde (HCHO) and acetaldehyde (CH3CHO), were confirmed to be produced during combustion of the promising alternative fuels, dimethyl ether (CH3OCH3) and ethanol (CH3CH2OH). In addition, by moving the burner position for detecting the species at various positions, the abundance of the species in the flames was observed in two-dimensional distribution profiles. Some correlations were found between the distributions of intermediate species and the flame temperature.
Introduction
Identification of intermediate chemical species in a combustion flame is an important step for obtaining a better understanding of reaction mechanisms. Moreover, the information would enable us to obtain energy from combustion with high conversion e$ciency and minimize the emission of pollutants.
Many researchers have reported the identification of intermediates in combustion flames by molecularbeam photo-ionization mass spectrometry (MS) using vacuum ultraviolet synchrotron radiation as an ion source.
1)῍4)
We have developed an MS system with a new interface for direct detection of intermediates in combustion flames by an ion attachment (IA) ionization method, which was originally introduced by Fujii et al. 5) in 1989 to detect trace levels of organic compounds. The ion attachment mass spectrometry (IAMS) system has been developed for analyzing many organic compounds and applied to the detection of unstable radical species. IAMS has the following features: (1) it is fragmentation free, (2) it has high sensitivity to large dynamic ranges, (3) it can detect unstable intermediates and free radicals, and (4) it is easy to operate.
6)῍9)
At present, this ion source is commercially available from Canon Anelva Technix Co. (Japan). In previous studies, 10)῍12) we reported a system based on IAMS for the detection of unstable intermediate species formed in burning flames of dimethyl ether (DME). In this study, we developed a new interface for the detection of more unstable intermediate species formed in flames. The species in flames at atmospheric pressure can be introduced directly through the novel interface into the IA ionization chamber (ca. 2 Pa) and detected by a quadrupole mass spectrometer (Q-MS). This system was applied to the analysis of DME῍air and ethanol῍air flames. Unstable species generated in the flames were directly detected as Li ῌ adduct ions. Spatial distribution profiles of the species in the flames were also obtained.
Experimental
Figure S1
῍ shows a schematic of the experimental setup constructed in this study for the direct detection of intermediate chemical species in combustion flames. The system was described in detail in a previous paper. 12) Chemical species in the flames under atmospheric pressure were directly introduced through the sampling cone orifice of the newly developed interface into the ion attachment (IA) ionization chamber operated at ca. 2 Pa, and the ionized species were detected by a mass spectrometer operating at a low pressure of ca. 1῍10 ῍3 Pa. Mass Spectrometer: A quadrupole mass spectrometer, M-400-QA-M (Canon Anelva Technix Corporation, Tokyo, Japan), with the Li ῌ IA ionization source (model L-241G-IA) was used as a detection system. Li ῌ ions were thermally emitted from a lithium emitter of lithium aluminosilicate in the high vacuum region (ca. 1῍ 10 ῍3 Pa) and repelled through an orifice of 0.8 mm into the IA ionization chamber (ca. 2 Pa), where they were decelerated by an electric field and collisions with a neutral gas (N 2 ). The resulting Li ῌ ions with low energy (῏1 eV) attached to the sample molecules, which were introduced through the sampling cone of the interface orifice, and ionized them. The energy of Li ῌ ions was so low that no fragmentation occurred under the Li ῌ attachment ionization process. The ionized species (Li ῌ adduct ions) were then introduced into the high vacuum region of the Q-MS and detected. Interface: The interface developed in this study was basically the same as in the previous papers 10)῍12) but modified for the detection of more unstable species. The chemical species generated in the flames under atmospheric pressure were directly introduced into the IA ionization chamber at ca. 2 Pa through a pin hole of 0.04 mm at the tip of the sampling cone made of fused silica and through the tube of sampling cone of 80 mm length (2 mm i.d.). To attain the low pressure in the ionization chamber, a high power turbo-molecular pump of 60 dm 3 s ῍1 was employed. The sampling cone in contact with the high temperature flame was supported on the water cooled flange in the same manner as that reported in the previous studies.
10)῍12)
Flame: The burner used in this study was the same as described in previous paper.
12 ) The premixed flames of DME῍air and ethanol῍air were used to test the developed IAMS system. The equivalence ratios were maintained at unity for both fuels (DME and ethanol) and air. The flow rates are listed in Table 1 . For obtaining the ethanol῍air combustion flame, a vaporizer device was constructed (Fig. S2) . Liquid ethanol in a syringe was pumped out at 0.76 mL min ῍1 [0.3 dm 3 min ῍1 at normal pressure and temperature (NPT)] and nebulized by air into the vaporizer chamber, which was heated to 100ῐ, and the vapor was introduced into the burner. The burner was placed on an X῍Y stage to enable the introduction of species in the flame at arbitrary positions into the ion source through the sampling cone orifice for obtaining a two-dimensional profile of the species. ῌ , and [CH 3 CHOῌLi] ῌ , respectively, in both mass spectra. These peaks are intermediate species formed in the flames because they were not detected in the cold flow or non-combustion flames. In Fig. 1(A ῌ , respectively. The direct detection of these ionic species will be reported in the future after further investigations.
Results and Discussion
The assignment of the peaks in the mass spectra [ Figs. 1(A) and (B) ] is listed in Table 2 . Figure S3 shows the distribution profiles of the intermediate species at m/z 37 and 51 and the residual fuels (m/z 53) in the flames along the z-axis. The fuels of DME and ethanol gradually decreased from the burner head and rapidly disappeared along the downstream. Figure S3(A) (DME flame) shows that the intermediate species (HCHO) is initially produced at the burner head, yielding a peak top near z῍14 mm. On the other hand, the CH 3 CHO species is formed uniformly in the flame.
In the ethanol flame [ Fig. S3(B) ], the CH 3 CHO intermediate species is generated almost constantly in the flame. However, the HCHO intermediate species is hardly detected. These distribution profiles of intermediate species provide a better understanding of reaction mechanisms in flames. To visualize the abundances of the species generated in the flames, the species were detected at di#erent positions by moving the burner along the X῍Y stage. The two-dimensionally visualized distribution profiles of residual fuels of DME and ethanol are shown in Figs. S4(A) and (B), respectively. The distribution profiles of HCHO (Fig.  S5 ) and CH 3 CHO (Fig. S6) were also obtained in DME (A) and ethanol (B) flames. The peak intensity at each point is normalized with maximum intensity. The temperature profiles in the flames are shown in Fig. S7 . On comparing the temperature profiles with the distribution profiles of the species, we observed the following. First, as the temperature increases, the residual fuels in the flames gradually decrease from the burner head and disappear to the downstream region. These figures clearly depict the oxidation process of the fuels in the flames. Second, the HCHO intermediate species is produced in the zones with temperatures ranging from 1,000 K to 1,200 K and decomposed over 1,200 K.
These results suggest that HCHO and CH 3 CHO are barely emitted from the flame into the atmosphere under stoichiometric conditions. However, during incomplete combustion, HCHO and CH 3 CHO can be generated at higher concentrations.
Conclusion
We developed a Flame/IAMS system for the detection of intermediate chemical species generated in burning flames at atmospheric pressure. The CH 3 CHO and HCHO intermediate species were successfully detected in both the DME and ethanol flames. Moreover, relative concentrations of the species are visualized in two-dimensional profiles by mapping the peak intensities by IAMS for the residual fuels, acetaldehyde and formaldehyde in the flames. These distribution profiles are useful to reveal the reaction mechanisms that occur in flames. In addition, these results suggest that CH 3 CHO and HCHO are barely emitted from the flame into the atmosphere under stoichiometric conditions. During incomplete combustion, however, they can be emitted at higher concentrations into the atmosphere.
Detection and identification of unstable intermediate species formed in flames provide more information, giving us a detailed understanding of the mechanisms of chemical reactions.
